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REYROLDS NUMBER EFFECT ON AXTAL-FLOW COMPRESSCR PERFORMANCE
. By Lewis E. Wallner and Willlam A. Fleming

SUMMARY

An investigetion has been conducted in the RACA Lewis alti-
tude wind tunnel to study the effect of Reynolds rnumber on the
performance of an axlal-flow compressor. The compressor was
opereted as an integral part of a turbojet engine over a range
of pressure altitudes from approximately 17,000 to 50,000 feet
and compressor-inlet Reynolds numbers from 60,300 to 219,500.

The results of this inveatigation showed that the decresse
in conpressor effliciency and corrected alr flow with a reduction
in preasure at each compressor Mach number was caused by the cor-
responding reduction in compressor-inliet Reynolds number. The
rate of change of effioclency with Reynolds number was more pro-
nounced at the lower Reynolds numbers. At a giwen compressor
Mach number and pressure ratio, & decrease in Reynolds numbers
from 205,000 to 65,000 lowered the compressor efficlency by
approximately 0.05 and lowered the corrected alr flow by 0.02 to
0.05 of the rated sea~level alr flow. Performance cbtelned with
two other compressors, each of different design, apparently cor-
related with compressor-inlet Reynolds mamber In & mapner similar
to that of the compressor used in thils investigation.

INTRODUCTION

Investigations of exial-flow compressors over a wide range
of slmilated flight conditions heve indiceated that varlations in
ccmpressor=intet conditions effect the performance characterige
tlics of some compresgsors. W1ith such compressors, the effect of
Increasing the altitude 1s a reduction In the corrected alr flow
and the compressor efficlency at a given compressor Msch number
and pressure ratio. Results obtained with several compressors of
different design have gshown that the inlet conditions at whioch
the performance characteristics are affected and the magnitude of
the veriations in performence differ from one compressor to another.
Compressor date previocusly obtained have indicated that the effect
of increasing the inlet temperature or reducing the inlet pressure
on compressor performance might be caused by changes in Reynolds
number (reference 1 and proprietary NACA data). Investigation of .
the Reynolds number effect on airfoil drag coefficients (reference 2)
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hag shown that reduction of the Reynolds mumber below the critical
value increesed the drag ococefficient. As Reynolds number is reduced,
the separation region shifte forward on the airfoil and increases the
drag coeffiocient. If the airfoll is used in a cescade, this shift in
the separation region will cause a decrease in cascade efficiency and
mey lower the corrected air flow.

An axial-flow-compressor type turbojet engine wes investigated
in the NACA Lewis altitude wind tummel to determine whether varia-
tions of compressor performance with inlet conditions could be cor-
related with the ettendant changes in Reynolds mumber. Variations
of compressor performance with inlet conditions were obtained by
operating the engine over a range of compressor-inlet Reynolds num-
bers at seversl campressor Mach numbers. At each compressor Mach
number end Reynolds number, data were obtained at two inlet total
pressures while the Reynolds number was maintained constant by
changing the compressor-inlet tempersture.

RARGE OF INVESTIGATION

Data were obtained over s renge of pressure altitudes from
approximately 17,000 to 50,000 feet at a constant compressor-inlet
ram-pressure ratio of 1.03. At each cordition, the compressor was
operated over e range of compressor Mach numbers from 0.70 to the
reted sea-level compressor Mach number of 0.89. For compressor
Mach numbers below rated speed, the engine was operated with only
two inlet total temperatures of approximetely 460° and 600° R. Two
corresponding inlet pressures were chosen at each compressor Mach
number to give the same compressor-inlet Reynolds number for both
inlet temperatures. At rated compressor Mach number, the engine
wae operated with an inlet tempersture of approximately 507° R.
The conditions at which dete were cbtained and the corresponding
pressure altitudes are given in table I. At each condition, data
were obtained at four compressor pressure ratios by varying the
exhaust-nozzle area,

Compresaor-inlet Reynolds number was caloulated from the
density of the air entering the first-stage rotor blades and the
velocity relative to the first-stage rotor blades, as shown in the
appendix. The Reynolds mumber of the first-stage rotor blades was
selected so that the values presented could be directly compared
with conventional airfoil Reynolds mumbers and because the first
stage, being subjJected to the lowest values of Reynolds mumber
in the compressor, would be most sensitive to changes in Reynolds
number. As an aid in determining the Reymnolds number of this
compressor at inlet comditions other than those investigated, the
relstion between the Reynolds number index and the compressor=-
inlet Reynolds number is shown in the following table:
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Compressor | Compressor-inlet Reynolds number
Mach number Reynolds rmumber index
0.70 1,75 X 10°
.76 1.89 x 109
.82 2.00 x 10°
.89 2.14 x 109

The Reynolds mmber index varies linearly with Reynolds number and
is defined as the ratio of inlet total pressure to the product of
the square root of inlet total temperature and the viscosity of the
air based on inlet total temperature.

INSTALLATION AND INSTRUMENTATION

An axisl-flow-compressor type turbojet engine was installed in
the test section of the altitude wind tunnel. With a variable-ares
exhaust nozzle Installed on the engine, the compressor pressure
retio could be varied at each compressor Mach number and inlet
condition. Dry alr was introduced into the engine through a duect
from the tunnel make-up air system. The alr was throttled from
approximately see-level pressure to the desired pressure at the
engine inlet, while the tunnel pressure was maintained to corre-
spond to the deslired eltitude. Installation of refrigeration coils
and electric hesters in the meke-up alr system made possible the
variation of the engine-inlet temperature from sbout -20° to 150° F.

Instrumentation for measuring pressures and temperatures was
installed at four stations in the compressor (fig. 1). The loca-
tion and the details of the instrumentation for the engine
inlet are shown in figure 2 and for the compressor outlet in fig-
ure 3. Four static wall orifices were installed 90° apart in a
plane & short distance ahead of the compressor-inlet guide venes,
station 2.

RESULTS AND DISCUSSION

Results are presented showing the variation of compressor
efficiency and corrected air flow with compressor pressure ratio
for several Reynolds numbers. Deta are presented in this form to
show the resulis obtained by changing the inlet pressure while
maintaining constant Reynolds number and Mach mumber. Air flow
is expressed as the retio of corrected alr flow at the test con~
dition to rated sea-level eir flow. Resulis are also summarized
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to show the varistion of compressor efficlency and freaction of
reted sea-level air flow with Reynolds number at severel com=
pressor Mach numbers.

' Compressor Efficiency

The variation of compressor efficlency with compressor
pressure ratio at compressor Mach numbers from 0,70 to 0.82 1s
presented for a range of Reynolds mumbers from 61,100 to 218,900
and compressor-inlet total pressures from approximately 250 to
1150 pounds per square foot in figures 4 to 6, Data for the same
Reynolds number and two different inlet pressures interplotted
reasonably well, although the data scatter became more pronounced
as the pressure was lowered and the degree of accuracy of the
measurements was correspondingly reduced. The results show that
at a constant value of compressor Mach number a reduction in
Reynolds number resulted in a steady decrease in compressor effi-
clency. Interplotting of the data indicated that decreasing the
inlet pressure by approximately 30 percent at a given Reynolds
number had no apparent effect on the compressor efficiency; elso,
regardless of whether the inlet pressure was raised or lowered,
the compressor efficiency varied in the seme direction as the
Reynolds number. These effects are shown by typical values of
compressor efficlency given in the following table for a compressor
Mach nmunmber of 0.76 and & compressor pressure ratio of 3.9:

Compressor-inlet | Reynolds | Compressor
total pressure nupbey |efficiency
(1b/sq £t)

1143 208,500 0.845
807 207,300 845
727 133,600 0.828
512 131,400 .828
450 82,200 0.815
318 83,700 .815
355 64,900 0.800
247 65,500 .800

The data presented in figures 4 to § are summarized in fig-
ure 7 to show the correlation of compressor efficiency with Reynolds
number at constant compressor Mach mumbers and pressure ratioce,

At each compressor Mach number, the compressor efficlency decoreased
as the Reynolds number was reduced; the deorease became more pro=-
nounced at the lower Reynolds mnmmbers. At each ocompressor Mach

116l
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number investigated, & decrease in Reynolds mumber from 205,000 to
135,000 reduced the efficlensy by approximately 0.015. A corre=
sponding reduction in Reynolds number from 135,000 to 65,000
lowered the efficiency by about 0.035.

Alr Flow

A typical set of data is presented in figure 8 to show the
reletion between the compressor pressure ratio and the fraction of
rated sea-level air flow for two approximate inlet pressures at
compressor Mach numbers from 0.70 to 0.82 with arn approximately
constant Reynolds number at each compressor Mach number. Data for
a compressor Mach murber of 0.89 (rated compressor speed) are also
included for only one inlet pressure. At each compressor Mach num-
ber and Reynolds number, data for the two different inlet pressures
Interplotted reasonably well. Similar interplotting of the date at
other Reynolds numbers indicated that decreasing the inlet pressure
by approximately 30 percent at a given Reynolds number had no effect
on the corrected alr flow.

The results are summarized in figure 9 to show the effect of
Reynolds number on the relation between the fraction of rated sea-
level alr flow and compressor pressure ratio for a range of Reynolds
numbers from 61,100 to 218,900 and compressor Mach mumbers from
0.70 to 0.89., Regardless of how the inlet pressure was changed, at
a given compressor pressure ratio the corrected ailr flow varied in
the same direction as the Reynolds number st each compressor Mach
number. As the Reynolds number was reduced, the curves of constant
compressor Mach number shifted in the direction of reduced cor-
rected air flow. The slope of the compressor Mach number curves
was affected in such & manner that at the lower Reynolds mmhers
the corrected air flow decreased more repidly as the compressor
pressure ratio was railsed.

Dete presented in figure 9 are cross-plotted in figure 10 to
show directly the reduction in the Praction of rated sea-level air
flow as the Reynolds number was reduced at constant compressor Mach
nunbers and pressure ratiocs. At each compressor Mach number, the
corrected alr flow decreased as the Reynolds mumber was reduced;
the decrease became more pronounced at the lower Reynolds numbers.
At each compressor Mach number investigated, a decrease in Reynolds
number from 205,000 to 135,000 reduced the corrected air flow by
approximately 0,005 of the rated air flow. A corresponding reduc-
tion in Reynolds mumber from 135,000 to 65,000 lowered the cor-
rected air flow by 0.015 to 0.045 of the rated alr flow.
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Comparison with Axial-Flow Compressors of Different Design

Compressor performance obtalned with two other engines over a
range of altitudes at approximately standard inlet conditions
correlated with compressor-inlet Reynolds mmnber in a mamner similaer
to that of the performance for the compressor studied in this invesa-
tigation (fig. 11). The other two axial-fiow compressors, designated
A and B and of different deeign than the subjeot compressor, were
previously investigated in the Lewls altitude wind tunnel. Several
fixed exhaust nozzles having different outlet areas were used on
these two engines, making it possible to determine compressor per-
formance at a glven compressor pressure ratio and compressor Mach
number at each altitude. A decrease in compressor efflcliency and
corrected alr flow for compressors A and B accompanied a reduotion
in compressor-inlet Reynolds number in a manner similar to that of
the compressor studlied in this investigation; however, the magni-
tude of the compressor performance variation with Reynolds oumber
differed among the three compressors.

SUMMARY OF ERESULTS

The following results were obtained from an investigation to
determine the effeot of compressor=inlet Reynolds number on the per=
formance of an axlal-flow compressor:

l. Changes in compressor efficlency and corrected air flow
were found to correlate wlth ohanges in oompressor-inlet Reynolds
number. The rate of change of efficlency and corrected air flow
with Reynolds number was more pronounced at the lower Reynolds
numbers.

2. A decrease in compressor-inlet Reynolds mumber from 205,000
to 65,000 lowered the compressor efficiency by approximately 0.05
at each compressor Mach number investigated.

3. At a gliven compressor pressure ratio, a decrease in Reynolds
nunber from 205,000 to 65,000 lowered the corrected alr flow by
0.02 to 0,05 of the rated sea=level alr flow,

4, Performance obtained with two other compressors, each of
different design, correlated with compressor-inlet Reynolds rmumber
in a manner similar to that of the performance for the compressor
gtudied in this investigation.

Lewls Flight Propulsion laboretory,
National Advisory Commlttee for Aeronautics,
Clevelend, Ohio.
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APPENDIX - METHODS OF CALCULATION
Synmbols

The symbols used in this report are defined as follows:

chl:c-.mb.da

H © Wop

area, sq ft

chord length of first-stage rotor blade measured midway
between blade root and tip, ft

specific heat at constant pressure, Btu/(1b)(°R)
compressor-rotor diameter, ft

acceleration due to gravity, 32.17 f£t/sec®
mechanical equivalent of heat, 778 f£1-1b/Btu
compressor-tip Mach number

compressor speed, rpm

polytropic exponent

total pressure, lb/sq £t sbsolute

static pressure, 1b/sq £t absolute

universal gas constant, 53.4 £t-1b/{1b)(°R)
compressor-inlet Reynolds number

total temperature, °R

indicated temperature, °R

total-temperature rise across compressor, °R
adisbatic total-temperature rise across compressor, °R
static temperature, °R

tangential velocity of first-stage rotor blade measured
at mean blade radius, £t/sec

velocity, f£t/sec
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W air flow, 1lb/sec '
V4 ratio of specific heats at constant pressure to specific
heats at constant volume
1 efficiency
e effective turning angle of inlet guide vanes, deg
n viscosity of air, lb-sec/sq ft
o density of air, slugs/cu £t
Subscripts:
1 engine inlet
2 compressor inlet
3 inlet to first rotor stage
4 compressor outlét behind straightening venes
a axial
c compressor
P polytropic
r relative to rotor blades
Calculations
Temperature. - Total temperature was calculated from the
expression
7-1 .
P\ ”
) "
-1
1 + 0.85 <§) -1

where 0.85 is the thermocouple impact-recovery factor.

116}
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Air flow. ~ The air flow through the compressor was obtained
from measurements at the engine inlet, station 1, by the following
relation:

=1 z-1
P, \7 P, /4
2 1 1
LEE TR =y QFI) (ﬁ) -t (2)

Compressor efficiency. - Compressor efficiency 1s defined as
the ratio of adiabatic enthalpy rise of the air across the com-
pressor to the actual enthelpy rise and may be expressed by the

following relation:
& _ 1

e Woy AT
T1

The ratio of specific heats 7 was based on the average tempera-
ture through the compressor (T +T.)/2.

Compressor Mach number. - Compressor Mach mumber is defined
as the tip speed of the rotor divided by the stagnation speed of
sound at the compressor inlet.

M a————-’m (4)

¢ 60 A/ 75@1

Reynolds number. - The velocity dlagram for the first com-

‘pressor stage is
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QInlet guide vane

First ' —
rotor U

stage

Because the ares at station 2 was equal to the area at the
entrance of the compressor-inlet guide vanes, conditions at the
tvo stations were assumed equal. The axial velocity at the entrance
to the inlet guide vanes YV, was calculated from the static pres-

sure and the static temperature at station 2 and the air flow.

2 " o, ©

The total temperature and pressure at stations 1 and 2 were assumed
equal and t, wvas obtained from the relation

2=1
P2\ 7
tz = '1‘1 P_l (6)

The average effective turning angle of the inlet guide vanes varies
from 23° at the hub to 31° at the cuter casing. An average turning
angle of 27° was used for the calculations. The snnular area at

the exit of the guide wvanes Az was equel to the area at station 2

(fig. 1). In order to calculate the Reynolds nmumber relative to

e
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the first-stage rotor, it is first necessary to determine the axiel
velocity and the static temperature at the exit of the inlet gulde
vanes, The static temperature can be expressed as

V2
t3 = Ty - BTac (7)
v .
ts = Tz - 3,3' (8)

2chp cos2 8

From the continuity equation

PehoV2 = PzA573 o (9)
and because Ay = Az
P2
VS,a = 'p‘g V2 (10)

The density ratlio across the inlet guide vanes may be expressed in
terms of the static temperature ratio as

L

P2 2
m-(E) o

Because the flow can be considered adiabatic but not isentropiec,
the polytroplc exponents must be calculated., A polytroplc effi-
ciency of 0.90 was assumed for the expansion through the inlet
gulde vanes and the exponent was calculated from the following
equation:

=5 (12)

Combining equations (10) and (11) gives the following expression,
which has only Vs’a end tz as unknowns:
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1
n-1

t2
Vs’a = VZ<§> (15)

The values of Vs,a and ts were then obtained from a solution of

equations (8) and (13) by a series of approximations. The density
of the air leaving the inlet guide vanes was then calculated from
equation (11). The viscosity uz was determined from tg.

Veloclty of the air relative to the first-stage rotor blades
was calculated as

2 2
v5,r = ,\/vs,a + (u-v:,,,t,l tan 0) (14)

Reynolds number of the flow relative to the first-stage rotor
blades &t the mean rasdius was then calculated by combining the
results from equations (11) and (14) in the expression

cp,V.
Re =—-§—§J—1-‘ (]5)
3
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TAELE I - RARGE OF INVESTIGATION «q‘nsn'rP
Compressor | Compressor- | Compressor- | Compressor- | Pressure
Mach inlet inlet inlet altitude
number Reynolds total total (£t)
number temperature | pressure
(°R) (1b/8q £t)
0.89 205,400 507 805 25,100
132,400 507 511 35,100
83,700 504 318 45,100
66,700 507 249 50,200
0.82 219,500 603 1138 17,000
218,200 464 808 25,100
0.76 208,500 608 1143 16,800
207,300 464 807 25,100
0.70 197,000 604 1149 16,700
197,000 458 806 25,100
0.82 142,700 599 722 27,700
141,000 458 512 35,100
0.76 133,600 604 727 27,500
131,400 458 512 35,100
0.70 124,600 606 730 27,300
124,900 458 512 35,100
0.82 87,500 601 447 37,900
87,500 459 318 45,100
0.76 82,200 607 450 37,700
83,700 458 318 45,100
0.70 77,500 608 454 37,500
77,500 459 317 45,100
0.82 69,300 598 352 42,900
68,300 462 247 50,400
0.76 64,900 607 355 42,700
65,500 458 247 50,400
0.70 61,900 602 356 42,700
80,300 459 247 50,400

13



Station 1 Station 2 Station 3

Engine center lLine

Station 4

Figure 1, - Schematic view of compressor shoving neésuring stations.
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Static-pressure

tube —— . ﬁ‘al-pressure tube _
. — N

/_‘i Rake 1 / Rake 2
Compressor- Thermocouple

inlet .
pessage (2) Survey-rake details.

Reke 2

Rake 2

Reke 2

(b) Location of survey rakes.
Figure 2. - Location end details of instrumentation installed at engine inlet, station 1.
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Static wall orifice Thermocouple

Reke 3 T Rake 4 Rake S

Compressor- (a) Survey-rake details.
outlet
passage

Rakes 4 and 6 Rake 3

_—Rakes 4 and 6

(b) Location of survey rakes.
Figure 3. - location and details of instrumentation installed at compressor outlet,
station 4.
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Inlet total Inlet total
temperature pressure
{°r) (1b/sq
£t abs.)
[m]
85 ™ -"VH O > '
b o 458 806
O 604 1149
75
(a) Average compressor-inlet Reynolds number, 197,000.
:9
- 85 [m] .
B —] HoG—— 1o 458 512
<] o 606 730
=
o
EH
4 75
2 (b) Average compressor-inlet Reynolds number, 124,800,
»
o
£1
g e
© o (o] 459 317
— :L_\ (| 6068 454
75
(¢) Average compressor-inlet Reynolds number, 77,500,
.85
o] 459 247
(] 602 356 -
- [m anf ]
75 ° l I L
3.0 3.2 Sed 3.6 3.8

Compressor pressure ratio, Pyg/Pq

(d) Average compressor-inlet Reynolds number, 61,100,

Figure 4. - Variatlon of compressor efficlency with compressor
pressure ratio at compressor Mach number of 0,70.



Compressor efficlenocy, M.

NACA RM E9GI |
Inlet total Inlet total
temperature pressure
(°R) (1b/sq £t aba.)
o 464 807
o 608 1143
.85 O—Oo0—0 = - m—
75
(a) Average compressor-inlet Reynolds number, 207,900,
O 458 512
o 604 727
= - .
4—O—to—TF T 0o © P
.15
(b) Average compressor-inlet Reynolds number, 132,500,
'g 453 . - 318
60 450
.85
0 [m]
F——T O —O——
.75
(c) Average compressor-inlet Reynolds number, 83,000.
.85
o 458 247
| w} 607 3556
N
.75 | |
Sk 3.6 3.8 4,0 4.2 4.4

Compressor pressure ratio, P4/Pl
(d) Average compressor-inlet Reynolds number, 65,200,

Figure 5. - Varlation of compressor efficlency with compressor
pressure ratio at compresasor Mach mumber of 0,76,
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« 85

.75

Inlet total 1Inlet total
temperature pressure
{°R) (1b/sq £t abs. )
o 464 808
a 603 1138
' [m]
o) ] —O—1—

(2) Average compressor-inlet Reynolds number, 218,800.

512

o] 458
o 599 722
.85
o
& ] 0 p— o a
- L= L™= = - A=
g
§.m
?3' (b) Average compressor-inlet Reynolds number, 141,900.
&
Y
g
B .85
o o 459 318
D 601 447
4
o P O
G
.75
(c) Average compressor-inlet Reynolds number, 87,500,
« 85
(o] 462 247
a 598 352
P ¥ N |m}
.75 N —— R
4,0 4.2 4.4 4.6 4,8 5.0

Compressor pressure ratio, Py/Py

(4) Average compresscor-inlet Reynolds number, 68,800,

Flgure 6. - Variation of compressor effliclency with ocompressor
pressure ratio at compressor Mach number of 0.82.



Compressor efflclencys Y,

Compressor Compressox
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mmber ratio
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Conpressor-inlet Reynolds mumber, Re

_ Figare 7. - Effect of compresgor-inlet Reynolds number on compressor efflcienoy.
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Compressor Corpressor- Inlet total
Mach inlet pressure
murber Reynolds (1b/sq £t abs.)
numbexr

4 0.89 132,400 51l

(o] «82 141,000 512

a .82 142,700 722

¢ 76 131,400 512

A 76 133,600 727

v .70 124,900 512

4 .70 124,600 730
5.4
5.0

A A A

>
[ ]
[}

oo

> 5 Ly OP

\a

Compressor pressure ratlo, P,/Py
>
w©

[V}
L ]
»

i
5.0

.70 «80 «90
Qorrected alr flow
Rated sea-level alr flow

1.00

Pigure 8. = Variation of compressor pressure ratio with fractlon
of rated sea~level air flow for constant values of compressor
Mach number and compressoreinlet Reynolds number,
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Compressor Mach number
0.70 0.78 0.82 0. 89
Compressor-inlet Reynolds number
197,000 207,800 218,900 205,400
—_————124,800 132,500 141,900 132,400
S —— — 77,500 83,000 87,500 83,700 -
————— 61,100 65,200 68,800 66,700 o
6.4
Compressor
Mach mber 0.89,
5.0 m
i
e H
R W
R .8 \ ‘ h
.§ 4.6 \ ‘\ Il i1
b \ ( I
P Vol .
h 1 &
0 \\
g ] 1 b
3 4,2 T H ‘
: NV L
8 76 Y
= vV )
: \\1
o 3.8 Ly
§ . \\;\
8 .70 \ 4
o N
v
NAN)
3.4 S
[ \\\ \
\\
\ ‘. .
3.0 . .
«70 «80 «90 1.00
Corrected air flow -
Rated sea-level air flow
Flgure 9. - Effect of compressor-inlet Reynolds mumber on relation .

between compressor pressure ratlo and fraction of rated sea-level
air flow.



’ * 116

Compressor Compressor

Mach pressure
mmiber ratlo
—— 0.7 3.4
- 076 5.9
— .82 4.4
- = .89 4.8
1.m JEE S ) Y
3 - . - }
~t . JES Bl
E H —'—__-____._..—-
11 & ,—""'r/ ’
L™ E; ] 90
o e
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d3 | L1
L.
3l
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g S .80
_.--""—__—_‘-
"1
3 g -
.‘To 1 1
° ® 10 g 14 16 - 18 20 ag x 10%

Compraessor-inlet Reynolds mmiber, Re

Flgure 10, - Effect of compressor-inlet Reynolds mmber on fraction of rated sea-level air flow.
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[ &) +90 Used in this
inveatigation
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——3B
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c
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Compressar-inlet Roynolds mmber, Re

Figure 1li. - Camparison of Reynolds ﬂumber gffect at rated Mach mumber on performance of
ngressor studied in this investigation and compressors of two other current trbojet

engines,
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